Escherichia coli flavohaemoglobin (Hmp) reduced purified mitochondria1 cytochrome c aerobically in a reaction that was not substantially inhibited by superoxide dismutase, demonstrating that superoxide anion, the product of 0, reduction by Hmp, did not contribute markedly to cytochrome c reduction. Cytochrome c was reduced by Hmp even in the presence of 0 5 mM CO, when the haem B was locked in the ferrous, low-spin state, demonstrating that electron transfer to cytochrome c from NADH was via FAD, not haem. Hmp also reduced the ferrisiderophore complex Fe(lll)-hydroxamate K from Rhizobium leguminosanrm bv. wiciae anaerobically in a CO-insensitive manner, but at low rates and with low affinity for this substrate. The NADH+ytochrome c oxidoreductase activity of Hmp was slightly sensitive to the binding and reduction of 0, at the haem. The V-of cytochrome c reduction fell from 7.1 s-l in the presence of 0 5 mM CO to 5 0 s'l in the presence of 100 pM O,, with no significant change in Km for cytochrome c (68 to 7.3 pM, respectively). 0, at near-micromolar concentrations diminished cytochrome c reduction to a similar extent as did 100 pM 0 , . Thus, Hmp acts as a reductase of broad specificity, apparently without involvement of electron transfer via the globinlike haem. These data are consistent with the hypothesis that Hmp could act as an intracellular sensor of 0, since, in the absence of O, , electron flux from FAD to other electron acceptors increases. However, the nature of such acceptors in wivo is not known and alternative models for 0, sensing are also considered.
INTRODUCTION
The flavohaemoglobin (Hmp) of Escherichia coli belongs to a family of two-domain globins found in other bacteria and yeasts. Examples include the FHP protein t Present address: Krebs Institute for Biomolecular Research, Department of Alcaligenes eutrophus (Probst et al., 1979; Cramm et al., 1994; Ermler et al., 1995) , HmpX of Erwinia chrysanthemi (Favey et al., 1995) , Hmp of Bacillus subtilis (LaCelle et al., 1996) , and the haemoglobins of the yeasts Candida sp. (Oshino et al., 1973a, b; Iwaasa et al., 1992) and Saccharomyces cerevisiae (Zhu & Riggs, 1992) . In all such proteins where sequence data are available, the N-terminal haem domain is clearly homologous to globins, with conservation of the histidine residue shown (Ermler et al., 1995) or presumed to be linked to the haem, and the globin fold characteristic of animal globins (Perutz, 1986) . The C-terminal domain of Hmp and its homologues closely resembles ferre-doxin-NADP+ reductase and other members of a large family of proteins having highly conserved binding sites for both FAD and NAD(P)H (Andrews et al., 1992; Zhu & Riggs, 1992; Karplus & Bruns, 1994) . Hmp may, therefore, be described as a flavohaemoglobin.
Consistent with predictions from sequence analyses, purified Hmp contains haem B and FAD (Ioannidis et al., 1992; Cooper et al., 1994) . The haem of Hmp binds a number of ligands; in addition to the binding of O,, anticipated from the striking similarity of the haem domain to globins, Ioannidis et al. (1992) reported the binding of CO, azide, cyanide and formate, and the formation of a nitrosyl complex in the presence of nitrite and a reducing agent. On mixing NADH-reduced Hmp with O,, a photodissociable oxygenated complex is rapidly formed with spectral features similar to the oxygenated complexes of other globins (Ioannidis et al., 1992; Orii et al., 1992; Poole et al., 1994) . The oxygenated species is stable only in the continued presence of both NADH and O,, both of which are consumed by Hmp . Reduction of 0, to superoxide anion has been proposed (Orii et al., 1992) and experimentally demonstrated (Membrillo-Hernandez et al., 1996) . Therefore, although Hmp exhibits many globin-like features, it is also a superoxidegenerating NADH oxidase.
The role of FAD in Hmp is not well defined but it probably serves to achieve a step-down from twoelectron reductants such as NADH and NADPH to the single-electron-accepting haem. The midpoint potentials of the haem and flavin are consistent with this route of intramolecular electron transfer (Cooper et al., 1994) . However, it is notable that Hmp reduces not only O,, but also dihydropteridine (DHP) (Vasudevan et al., 1991) and Fe(II1) (Andrews et al., 1992; Eschenbrenner et al., 1994) . Indeed, Hmp was independently discovered and described as a ferrisiderophore reductase (FsrB ; Andrews et al., 1992) , based on its ability to reduce Fe(II1) citrate (S. Andrews, personal communication) . Eschenbrenner et al. (1994) have suggested that Hmp does not contribute significantly to the Fe( 111) -reducing activities of E . coli. Whether Hmp reduces iron from more complex ferrisiderophores and thus contributes to iron metabolism remains to be determined.
In this work, we tested directly whether Hmp can reduce Fe(II1) chelated by a bacterially produced siderophore and used cytochrome c as a model electron acceptor to test the hypothesis that electron flux may proceed from FAD to an acceptor without intervention of the haem or production of superoxide anion radical. Our findings are discussed in the context of an oxygen-sensing role for Hmp and the competition for electron flux between 0, and alternative electron acceptors.
METHODS
Bacterial growth and protein purification. Procedures for growth of the bacterium and purification of the flavohaemoglobin have been described before (Ioannidis et af., Vasudevan et al., 1991) . In brief, E. cofi strain RSC521 (RSC49 harbouring the multicopy plasmid pPL341, which carries the hmp gene under the control of its own promoter) was grown aerobically in LB medium in a New Brunswick 'Micros' 30 1 fermenter. Agitation and air flow were automatically adjusted to maintain 15 ' / o air saturation. The pH was maintained at 7.0 and the temperature at 37 "C. Cells were harvested in the late exponential phase of growth, using an Alpha-Lava1 continuous-flow centrifuge. Cells were washed twice and disrupted in a French pressure cell as described by Ioannidis et al. (1992) .
The orange-red soluble fraction obtained by removal of cell debris and membranes by centrifugation was used to purify Hmp by two chromatographic steps. Protein concentrated by ultrafiltration was stored at -70 "C until used. Hmp was diluted in buffer containing 50 mM MOPS and 50 mM NaCl (pH 7.0). The enzyme concentration was measured from spectra of the native [Fe(III)] enzyme using the absorption coefficients described by Ioannidis et a f . (1992) .
NADH-cytochrome c oxidoreductase activity. The reaction of fully reduced Hmp with 0, and mitochondria1 cytochrome c (Sigma) was investigated by rapid-scan stopped-flow spectrophotometry as described previously . A halogen lamp (100 W) was used to probe the spectral changes with a cut-off filter to exclude irradiation with light < 370 nm.
All measurements were made using a 1:l mixing device at 25 "C, in the MOPS/NaCl buffer described above. The globin solution was placed in one of the reservoirs of the stoppedflow apparatus and bubbled with N, or CO gases for 10 min, as appropriate for the experimental design (see Results). Complete reduction of Hmp was achieved by adding a solution of NADH and allowing the mixture to stand for a few minutes. When stated, superoxide dismutase (SOD ; Sigma) was added to this reservoir. The formate-ligated form of Hmp was prepared by treatment with 20 mM sodium formate for 85 min at room temperature. In the other reservoir was placed the reaction medium without enzyme, but containing cytochrome c; this was bubbled for 10 min with 200 pM 0, or N, gas as appropriate. A reaction mixture transferred to the observation cell of the stopped-flow apparatus was subjected to diode array rapid-scan measurements. Data were analysed as described before . [lo mM Fe(C10,), in 0.2 M HClO,] (0.5 ml) was added to 1 ml culture supernatant solution, incubated for 15 min to allow ferrisiderophore formation, and the absorbance measured at 450 nm. The siderophore was ferrated by adding ferrous sulfate so that the ratio of FeSO, to siderophore was 2: 1 ; 15 min was allowed for iron oxidation and ferrisiderophore formation. The siderophore was extracted by the method of Neilands (1952) . Following the addition of NaCl (300 g l-'), the supernatant solution was extracted with benzyl alcohol (100 ml 1-l) and the siderophore collected. After the addition of 3 vols diethyl ether to the benzyl alcohol extract, the mixture was shaken with one-twentieth its volume of water to return the siderophore to the aqueous phase. The concentration of the bright-red solution was measured as above.
Ferrisiderophore reductase activity. Ferrisiderophore reductase activity was assayed using the method of Dailey & Lascelles (1977) . The reduction of siderophore-Fe(II1) to Fe(I1) was assayed spectrophotometrically in an anaerobic Thunberg cuvette with ferrozine [3-(2-pyridyl) -5,6-bis-(4-phenylsulfonic acid)-1,2,4-triazine; Sigma] to bind the Fe(I1) released. The formation of Fe(I1)-ferrozine ( E = 27900 1 mo1-l cm-'; Stookey, 1970) was followed for 20 min at 562 nm. Prior to the reaction, the cuvette was filled with N, and the buffer degassed for 10 min. The assay mixture was then made up in the cuvette and sparged with N, for a further 10min. For CO-binding studies, the cuvette was then sparged with CO gas for a further 10 min. The assay contained, in 2-5 ml MOPS/HCI buffer (50 mM, pH 7) : NADH, 50 mM; ferrozine, 10 mM; Fe(II1)-hydroxamate K. The reaction was started by the addition of Hmp, which was placed in the side-arm of the cuvette. As a control, ferrisiderophore reduction was determined in an assay containing all reagents except Hmp.
Oxygen uptake measurements. The rate of disappearance from solution of 0, in the presence of Hmp was measured at 25 "C in a Clark-type oxygen electrode (Rank Bros). The buffer used was 50 mM MOPS, 50 mM NaCl (pH 7.0) and the oxygen concentration at air saturation was taken to be 260 pM.
RESULTS

Cytochrome c reduction under aerated conditions
The reaction of 4 p M Hmp, 0.5 m M NADH, and 100 pM 0, (final concentrations) in the stopped-flow apparatus resulted in rapid formation of oxyHmp. During the aerobic steady state that ensued and persisted for about 400 s, there were no substantial changes in the redox state of either haem B or FAD (results not shown), in agreement with our previous work . Subsequently, marked decreases in absorbance at wavelengths corresponding to loss of the oxygenated form and simultaneous formation of deoxyHmp were observed. At this time, absorbance at 467nm also decreased due to increased reduction of flavin, as reported before . In a similar experiment (Fig. l) , NADH-reduced Hmp was mixed with 100 pM 0, and 5 pM cytochrome c; the oxygenated complex of Hmp (with absorption maxima at about 540 and 580 nm) was again formed within 1 ms after mixing, but additional absorption bands, weak at first, at 520 nm and 550 nm due to cytochrome c reduction appeared in the earliest scans. Cytochrome c reduction was complete within 1 s after mixing, and the reduced form was stable for the duration of the observation period (1000 s). The aerobic steady state persisted with negligible change in the levels of the oxy and deoxy states and in the absence of significant flavin reduction, until about 400 s, when deoxygenation of Hmp was evident as the disappearance of the bands at 580 nm ( Fig. 1) and 545 nm (not visible in Fig. 1 ). This phase coincided with extensive flavin reduction, as revealed by absorbance decreases at about 470 nm (Fig. 1) . In a third experiment (not shown), the presence of SOD was shown not to prevent rapid cytochrome c reduction, demonstrating that most of the reduction cannot be due to superoxide anion produced by the one-electron reduction of 0, by Hmp. This conclusion is supported by comparison of the rates of 0, consumption and cytochrome c reduction (see later). 
Cytochrome c reduction under de-aerated conditions and in the presence of CO
The reduction of cytochrome c was monitored in medium to which no 0, had been introduced and that had been bubbled with N, for 10 min prior to mixing. Under these conditions, where the 0, concentration in the stopped-flow reaction is calculated to be well below micromolar (Orii, 1993 ; Poole et al., 1996a) , rapid cytochrome c reduction was again observed. In the absolute spectra (Fig. 2a) , the increasing intensity of the bands due to reduced cytochrome c, which began to form within 1 ms, is superimposed upon the spectrum of the oxy (545,580 nm) and deoxy [Fe(II)] (558 nm) forms (Ioannidis et al., 1992) . The difference spectra plotted with the 1 ms spectrum as reference (Fig. 2b) isolate the changes due to cytochrome c from the spectrum of Hmp. The difference spectra also reveal, at the end of the observation period (300 s), the development of a minor trough at about 580 nm (marked in Fig. 2b ), which we attribute to the conversion of a small amount of the oxygenated species (formed during the flow) to the deoxy species. Because some oxygenation of Hmp occurred even under stringent conditions of 0, depletion, cytochrome c reduction was measured (Fig. 3) in the absence of added 0, and in the presence of 0.5 mM CO, which binds with the Fe(I1) haem of Hmp rapidly to form a low-spin complex. In the absolute spectra (Fig. 3a) , the increasing band of reduced cytochrome c is now superimposed upon the spectrum of the CO-ligated deoxy Fe(I1) form, which has absorption maxima at 542 and 566nm (Ioannidis et al., 1992) . No evidence was obtained in the difference spectra (Fig. 3b) for the formation or loss of any oxygenated Hmp under these conditions (cf. Fig.  2b ). Thus, even when reoxidation of the ferrous haem is completely blocked by CO, Hmp reduces cytochrome c, presumably by electron transfer direct from FAD to the acceptor.
Kinetic analyses of cytochrome c reduction by Hmp
Kinetic characterization of the NADH-cytochrome c oxidoreductase activity of Hmp was performed with cytochrome c concentrations in the range 2 to 25 pM and catalytic amounts of Hmp (0.2 pM). Under these conditions, the spectral contributions of Hmp were negligible and a clear isosbestic point was observed at 542 nm for the oxidoreduction of cytochrome c (spectra not shown). Cytochrome c reduction, measured as AA550-542, proceeded with kinetics over the first 10 s that could be fitted by a single exponential term. Each determination gave a rate constant that was multiplied by the initial concentration of oxidized cytochrome c and divided by the Hmp concentration to give turnover numbers. Measurement of the cytochrome c reduction rate at various acceptor concentrations (not shown), in the presence of CO, gave a V, , , of 7-1 s-l and a K , of 6-8 pM (Table 1 ). The presence of O,, in the absence of CO, decreased Vmax significantly and only slightly increased K,. Since Hmp reduces 0, , generating superoxide anion (Orii et al., 1992 ; Membrillo-Hernandez et al., 1996) , we assessed the contribution of superoxide anion to the observed cytochrome c reduction. The addition of SOD had no further effect on Vmax but increased the K , to 12 pM. At 20 pM cytochrome c, the rate of cytochrome c reduction was diminished by SOD by about 18% of the total aerobic rate of 3.8 s-l, i.e. a reduction of 0.68 s-'. In a separate experiment (not shown), the rate of 0, consumption by Hmp was measured using an oxygen electrode under conditions similar to those in the stopped-flow apparatus. At 100 pM 0,, and in the presence of 20 pM cytochrome c, the turnover number for 0, reduction by Hmp, measured polarographically, was 0.47 s-l. Assuming single-electron reduction of 0, to superoxide anion, and no spontaneous dismutation of superoxide, this determination sets an upper limit for the contribution of superoxide to aerobic cytochrome c reduction of 12 %, in reasonable agreement with the value above. In the absence of added 0, (i.e. in N,-saturated conditions), the kinetic parameters resembled those measured for the reaction in the presence of 100 pM O,, consistent with spectral evidence (Fig. 2) that, even under such conditions, Hmp can react with 0,. The CO-ligated and oxygen-ligated forms of Hmp are low-spin. In an attempt to investigate the reductase activity of a high-spin complex, we prepared the formate complex. Mixing this form, in the absence of O,, with NADH resulted in cytochrome c reduction with kinetic parameters indistinguishable from those in the presence of 0, plus SOD (Table 1) . However, in a separate experiment (not shown) in which the Hmp concentration was increased to 4 pM to allow spectral observation of Hmp, reaction of the formate complex of Hmp with NADH and mixing with cytochrome c under N, resulted in loss of the formate complex and oxygenation of Hmp. The formate complex seems insufficiently stable to assess the effect of spin-state on reductase activity.
Reduction of Fe(lII)-hydroxamate K under de-aerated conditions
The reaction of 0.2 pM Hmp, 0.25 mM NADH and a range of Fe(II1)-hydroxamate K concentrations from 0 to 400 pM was monitored in medium which had been bubbled with N, for 10 min and sparged for a further 10 min in a Thunberg cuvette prior to mixing. Ferrisiderophore reduction, observed via the formation of Fe(I1)-ferrozine, exhibited complex kinetic behaviour at 120 pM siderophore (Fig. 4) . A low initial rate of reduction was followed by a faster phase, which again decreased after about 600 s for the remainder of the period of observation. At higher hydroxamate K concentrations (300 pM and 400 pM), the initial lower rate of Fe(I1)-ferrozine formation was not seen. Due to the possibility of residual 0, in the cuvette under these conditions, the reduction of Fe(II1)-hydroxamate K was measured in N,-bubbled medium that had been further sparged with CO for 10 min prior to mixing. No significant effect of CO on the rates of reduction of 120 pM Fe(II1)-hydroxamate K was observed (Fig. 4) .
Kinetic characterization of the reduction of the Fe( 111)-hydroxamate K was performed with hydroxamate K concentrations in the range 40 to 400 pM and catalytic amounts of Hmp (0-2 pM). In each case the rate of reduction was expressed as pM Fe( 1I)ferrozine formed s-'. The maximal rate of ferrisiderophore reduction [Fe(II) ferrozine formation] at each concentration of Fe(II1)-hydroxamate K was calculated and EadieHofstee plots were constructed using data obtained in three separate experiments (not shown). These plots gave a Vmax, expressed as a turnover number, of 0.12 s-l and a K , of 104 pM (r2 = 0.935) under N,-saturated conditions. The presence of CO in the assay slightly increased the Vmax and K , values, to 0-14 s-l and 154 pM, respectively (r2 = 0.962). Therefore, as the ferrous haem is completely blocked by CO, the route of electron transfer to the ferric siderophore must be directly from FAD.
DISCUSSION
The presence of both haem and flavin domains in the microbial flavohaemoglobins raises the question of the route of intramolecular electron transfer and the possibility that intermolecular electron transfer may occur from either of the redox centres. In the present work, we have used cytochrome c as a model electron acceptor to test the hypothesis that intermolecular electron transfer from the FAD moiety of Hmp may occur and be modulated by occupancy of 0, at the haem, as proposed by Poole et al. (1994) . The results demonstrate that Hmp is capable of cytochrome c reduction. Although cytochrome c reduction is frequently used as an assay for superoxide (Haliwell & Gutteridge, 1989) , generation of superoxide anion by Hmp, whether at the haem or FAD moieties, accounted for a only a minor portion of cytochrome c reduction (Table 1) . Furthermore, the data with Hmp in which haem was 'locked' into the Fe(I1) low-spin state by bound CO show that cytochrome c is not reduced by the haem, but directly by FAD (Fig. S ) , as suggested previously for Alcaligenes eutrophus FHP (Probst et al., 1979) . Cellobiose oxidase is a fungal enzyme that, like Hmp, contains haem and FAD and, also like Hmp, has an uncertain biological function (Henrikson et al., 1993) , although Fe(II1) is proposed to be the physiologically important oxidant (Kremer & Wood, 1992) . The FAD fragment of cello- biose oxidase can use cytochrome c as electron acceptor ; the haem domain facilitates electron transfer to such one-electron acceptors (Henrikson et al., 1993) . The 6-type haem ligation (histidine and methionine) of cellobiose oxidase strongly suggests that it has only an electron transfer function (Cox et al., 1992) and does not bind ligands, whereas Hmp binds CO, 0, and other ligands (Ioannidis et al., 1992) .
Cytochrome c extends the list of electron acceptors with which Hmp has been shown to interact. These include 0, (Ioannidis et al., 1992; Poole et al., 1994) , Fe(II1) (Andrews et al., 1992; Eschenbrenner et al., 1994 ; this work) and DHP (Vasudevan et al., 1991) . The K , for cytochrome c is within the range reported for yeast flavocytochrome 6, in its reaction with cytochrome c. The value is considerably lower than the K , for the reaction of fungal cellobiose oxidase with Fe( 111) acetate, ferricyanide anion, or 0, (for references, see Kremer & Wood, 1992) . The Vmax values reported in this paper are also comparable to those for the reduction of 0, or ferricyanide by neutrophil NADPH oxidase and for the reduction of Fe(II1) acetate or ferricyanide anion by cellobiose oxidase (for references, see Kremer & Wood, 1992) .
Several other proteins in E. coli have been described as ferrisiderophore reductases : the NAD(P)H-flavin oxidoreductase (Fre) has high ferric reductase activity (Fontecave et al., 1987; Fischer et al., 1990; Coves & Fontecave, 1993) and the sulfite reductase (SIR) (Coves et al., 1993) has also been shown to reduce ferric citrate and several ferrisiderophore complexes. It has been suggested that the ferric reductase activities of almost all the enzymes so far described are a consequence of their ability to reduce free flavins .
Indeed, the ferric reductase activity of these proteins is generally dependent on a source of free flavins, usually FMN or riboflavin. In contrast, the results presented here were obtained without the addition of free flavins to the assay. Under these conditions, the rate of Fe (II1 (Vasudevan et al., 1995) . Interestingly, the Nterminus of Hmp shows considerable similarities to the N-terminal sequence of 16 amino acids of VGB, the globin-like protein of Vitreoscilla, the first microbial protein to be shown to have sequence similarities with animal and plant globins (Webster, 1987) . This Nterminus may specify export to the periplasm (Khosla & Bailey, 1989 Gennis & Stewart, 1996) and the Fe-S clusters of Fnr (for a review, see Rouault & Klausner, 1996) and SoxR (Hidalgo et al., 1995) , both with unknown midpoint potentials. Indeed, we have suggested (Poole et al., 1994 ) that Hmp could act as an oxygen sensor by interacting with a protein such as Fnr that is directly involved in the transcriptional regulation of 0,-or redox-sensitive genes. The globin (VGB) of Vitreoscilla (Perutz, 1986 ; Poole, 1994 ) is a small protein that contains only one redox centre, haem B (although the active form is thought to be a dimer) (Webster, 1987 (Fig. 5) , even with such a high potential acceptor as cytochrome c. Such a possibility is required by our model for Hmp as an oxygen sensor. In essence, the presence of 0, at the haem was envisaged as withdrawing electrons from FAD, maintaining the flavin predominantly in the oxidized form in the aerobic steady state, and restricting electron flux from FAD to other acceptors. The present work shows that Hmp is an effective reductant of cytochrome c even when the presence of 0, maintains FAD predominantly oxidized in the aerobic steady state (in the first 1 s of the reaction shown in Fig.  1 ). Furthermore, blockage of electron flux to 0, by CO slightly but significantly increased cytochrome c reduction, as required by that model. Surprisingly, the presence of either 100 pM 0, or the near-micromolar concentrations of 0, that persist even in N,-bubbled reagents are each sufficient to diminish the rate of cytochrome c reduction compared to the rate observed in the presence of CO. This is consistent with recent rapid-scan experiments (Poole et al., 1996a) showing that Hmp binds and reduces 0, even when present at sub-micromolar concentrations. We have not investigated the ability of other low-spin complexes of Hmp, such as the nitrosyl form (Ioannidis et al., 1992), to transfer electrons to acceptors like cytochrome c. Such complexes might be of particular importance in vivo, especially since hmp expression is markedly stimulated by nitric oxide (Poole et al., 1996b) . That model, however, is not the only one for oxygen sensing that is consistent with the redox properties of Hmp. 
